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Glass cooling using water film depends on several parameters such as heat flux, down-
flowing velocity, and thickness of water film. The efficiency of glass protection with 
water film can be significantly enhanced through a proper combination of the fire and 
water film parameters. This study aims to present an in-depth investigation into the 
influence of the heat flux, down-flowing velocity and thickness of water film 
parameters on the thermal behavior of glass panes during a fire and to propose new 
guidelines to enhance the efficiency of the water film glass protection system. 
Smoothed particle hydrodynamics (SPH) method is used here to simulate glass cooling 
with a down-flowing water film. Based on several SPH simulation scenarios of glass 
cooling at a different fire and water film working conditions, new empirical equations 
are derived to describe the effects of heat flux, down-flowing velocity, and thickness of 
water film on the temperature drop in glass and water film. Furthermore, these empirical 
equations were employed to study the evaporation of water film and to compare the 
efficiency of the cooling mechanism with different down-flowing velocity and 
thickness of water film. The simulation results confirm that increasing down-flowing 
velocity is more efficient in glass cooling than increasing water film thickness. 
Keywords: Glass cooling; Fire; Water film; Smoothed Particle Hydrodynamics (SPH); 
Thermal analysis; Temperature distribution 
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1. Introduction  
Water is widely used in fire extinguishing [1], particularly water film is applied on 
glass to protect it from breakage since glass breakage plays a vital role in fire spreading 
[2]. The efficiency of water film glass protection system depends on many parameters 
such as heat flux (fire severity), down-flowing velocity and thickness of water film. 
Several researchers have carried out numerous experiments on the thermal behavior of 
water film during fire outbreaks in an attempt to clearly understand the role of these 
aforementioned parameters on glass cooling mechanism by water film. For instance, 
experimental research works were conducted to examine the radiative heat transfer 
from fire source to water film [3,4]. Also, fire tests of wall curtains with a water film 
were performed to study the efficiency of water film system, it was found that water 
film is more efficient for wall curtain protection than the fireproofing material [5]. 
The heat transfer mechanism in glass during fire with water film was examined 
experimentally [6] and it was revealed that water film is more efficient in glass 
protection than sprinklers. However, the water film release time is a vital factor in glass 
protection. It has been reported that an early release of water film is more productive in 
preventing glass breakage and fallout [7,8]. Down-flowing velocity and thickness of 
water film are considered important parameters in determining the efficiency of water 
film system, for instance, it was found that water film with an average thickness of 1.5 
mm flowing on glass with a down-flowing velocity of about 0.7 m/s is capable of 
protecting the glass from breakage when exposed to a certain fire intensity [9]. 
Experiments were also conducted to examine the effects of the cooling process in 
many applications like in the glass solar system [10]. However, mesh-based methods 
have also been employed to understand glass cooling mechanism numerically in a bid 
to overcome some known limitations of experimental studies. For instance, the finite 
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volume method was employed to study the heat transfer characteristics of the cooling 
system in an industrial glass tempering unit [11]. Moreover, heat transfer through water 
film and glass pane were examined using the finite difference method [12]. 
 Recently, the evaporation process gained great interest in numerical research due to 
its significant impact on cooling efficiency. Heat and mass transfer characteristics for 
laminar air flow inside vertical plate channels during cooling process with falling water 
film evaporation were studied using finite volume method [13,14], where empirical 
correlations were derived to calculate the Nusselt and Sherwood numbers taking into 
consideration the effects of several parameters [14]. On the other hand, the 
mathematical Trefftz method was employed to examine the heat transfer coefficient for 
Inconel during spray cooling [15]. 
Nowadays, meshfree methods are increasingly utilized to avoid the deficiency 
caused by the mesh distortion in mesh-based methods particularly for problems 
involving large deformation [16,17] and continuous flowing fluid [18]. Smoothed 
particle hydrodynamics (SPH) method is considered one of the most traditional 
meshfree methods [19-24]. SPH method was used to analyze the natural convection in 
a horizontal cylindrical annulus for different values of Rayleigh and Prandtl numbers 
[25]. Moreover, different cases of heat transfer have been numerically studied using the 
SPH method [26-28]. In this present contribution, the SPH method is utilized to 
simulate the glass cooling by water film and to derive new empirical equations that 
relate the temperature distribution of glass with different parameters. Furthermore, the 
evaporation of water film is carefully examined and recommendations are proposed to 




2. Problem statement 
The main configuration of the problem consists of a glass pane (0.6×0.6×(6×10-3) 
m3) fixed at the top of the water recovery tank. The fire pool is located near the glass 
pane to generate the heat source. Thirty-five (35) points are defined in the glass pane 
section as shown in Fig. 1(a), where the temperature values at some of these points are 
used in the validation stage and in describing the new applications of our SPH model. 
Previous experimental temperature measurements and Ansys-fluent software 
temperature results at the exposed surface of the glass (P3) are compared with our 
numerical model. Also, CFD-Autodesk and Ansys-CFX are used to verify the 
temperature values at P3, P18 and P33 points [29]. 
In addition to the geometry of the glass pane, the following parameters were 
considered in the design of our proposed mathematical framework: the maximum heat 
flux (MHF), the velocity of down-flowing water film (V), released time and thickness 
of water film (WFT). Fig. 1(b) shows the heat flux variation with time used in the 
verification stage [7], where the maximum heat flux equals 15 kW.m-2. Additional four 
heat flux variations with time were created by multiplying the experimental heat flux 
variation with 1.2 (MHF = 18 kW.m-2), 1.4 (MHF = 21 kW.m-2), 0.8 (MHF = 12 kW.m-
2) and 0.6 (MHF = 9 kW.m-2). These heat flux curves as shown in Fig. 1(b) will also be 
used in our empirical equations’ derivations. The down-flowing velocity used in the 
derivation of the new empirical equations ranges from 0.3 m/s to 1 m/s. Three values of 
water film thicknesses (WFT), 0.5×10-3 m, 0.7×10-3 m, and 0.8×10-3 m, were also 
considered. The new empirical equations proposed in our present contribution can be 
employed to obtain the complex relationship between glass and water film temperatures 
and the aforementioned fire and water film parameters. Table 1 summarizes the material 
properties used in our numerical simulations. 
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3. Numerical method and model validation 
3.1. Governing equation and heat transfer mode  
Heat energy is transferred in our numerical model through radiation, convection, 
and conduction. The heat transfer equation governing the heat transfer mechanism is 












) + 𝑄(𝐻𝐹))                                                                          (1) 
where T is the temperature, ρ is the density, Cp is the specific heat capacity, k is the 
thermal conductivity and Q (HF) is the heat flux value. Heat energy is transferred from 
fire to exposed layer of water film or glass by radiation, where Eq. (1) is utilized to 
calculate the temperature change by substituting the related material properties. 
However, Q (HF) equals zero when heat is transferred between water film and glass 
particles by convection or when heat is transferred by conduction within the same glass 
or water film particles as depicted in Fig. 2. Accordingly, Eq. (1) is solved multiple 
times with different material parameters and boundary conditions to capture the total 
heat transfer process at each time step of glass cooling simulation. More details can be 
found in our previous work [29]. 
 
3.2. SPH solution 
SPH method is employed here to simulate the heat transfer from fire to glass through 
water film as shown in Fig. 2. The domain of interest is divided into a finite number of 
particles, where the unknown field variable is approximated according to the SPH 






 𝐹(𝑟𝑗) 𝑊𝑖𝑗(𝑅, ℎ)                                                                                          (2) 
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where 𝐹(𝑟𝑖) and 𝐹(𝑟𝑗)  are the unknown variables, such as the temperature, for the 
origin and nearby particles at positions 𝑟𝑖  and 𝑟𝑗, respectively, 𝑚𝑗 and 𝜌𝑗 are the mass 
and density of nearby particles j, respectively, and N is the total number of nearby 
particles j within the support kernel domain (R). 𝑊𝑖𝑗(𝑅, ℎ) is the kernel smoothing 
function which is used as an interpolation function, where piecewise cubic smoothing 
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where 𝑟𝑖𝑗 is the distance between the main particle i and nearby particle j. The second 






 𝐹(𝑟𝑗)  𝛻𝑖𝑗
2𝑊𝑖𝑗(𝑅, ℎ)                                                                       (4) 
where 𝛻2𝐹(𝑟𝑖) is the second derivative of the function variable, 𝛻𝑖𝑗
2𝑊𝑖𝑗(𝑅, ℎ) is the 
second derivative of the smoothing kernel function. The discretized form of the heat 
transfer equation is formulated by replacing the second derivatives in the heat transfer 
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      (7) 
𝑇𝑗 is the temperature of particles j in the current time step. 𝑇𝑖(𝑡) and  𝑇𝑖(𝑡+1) are the 
temperature values for particle i at current and next time steps, respectively, and 𝛥𝑡 is 
the time step in seconds. 
3.3.  Model validation 
Down-flowing velocity and thickness of water film equal to 0.645 m/s and 0.5 ×10-3 
m, respectively, are considered in the verification stage. Previous experimental 
temperature measurements at the exposed surface of the glass are compared with our 
SPH model and Ansys-fluent. Fig. 3 shows the temperature variation with time at point 
P3 on the glass after applying water film using our SPH numerical model, experimental 
measurements and Ansys-fluent [29]. It can be seen that there are some differences 
between the experimental and the numerical results after 90 seconds, this is due to the 
effects of water film flow on thermocouples sheets fixed at the exposed surface in the 
experiment but despite that, all the temperature variation curves are well-aligned 
particularly at the main cooling stage which occurs before 90 seconds (rapid cooling 
occurs at the exposed surface), thus indicating the efficiency of our numerical model. 
Furthermore, we performed extended verification tests by comparing the temperature 
variations produced by our SPH model with Ansys-CFX and Autodesk-CFD results at 






4. Results and discussions 
4.1.  General trends   
In order to understand the general trends and relationships between glass temperature 
distribution and varying fire and water film parameters, our SPH model was employed 
to compute temperature variations at points P8, P17, P19 and P28 with different heat 
flux, down-flowing velocity, and thickness of water film as shown in Figs. 5 to 7. When 
the down-flowing velocity (V) of the water film increases, the overall glass temperature 
drop increases more sharply due to the increase in heat transfer rate. For instance, the 
temperature at point P19 drops from 43.5 ºC to 37 ºC and 30 ºC within 75 seconds after 
water film release when down-flowing velocity equals 0.4 m/s and 0.8 m/s, respectively, 
as shown in Fig. 5(a) and Fig. 5(b). On the other hand, the glass temperature drop 
increases when heat flux increases owing to the much higher glass temperature prior to 
the release of the water film. When MHF equals 9 kW.m-2, the temperature at point P17 
decreases from 43.5 ºC to 26.5 ºC (temperature drop of about 17 ºC) while it decreases 
from 69 ºC to 29 ºC (temperature drop of about 40 ºC) when MHF equals 21 kW.m-2 as 
shown in Fig. 6(b) and Fig. 6(d), respectively. 
The effects of increasing water film thickness on temperature drop were also well 
captured by our SPH model. For example, when water film thickness (WFT) increases 
from 0.5×10-3 to 0.8 ×10-3 m, the temperature at Point P8 (140 s) decreases by about 
10.5 % (from 33.5 ºC to 30 ºC) as shown in Fig. 5(a) and Fig. 7(a), respectively. The 
temperature variations between different point locations are shown clearly in Figs. 5 
to 7. Based on the temperature variations at points P17 and P19, we observed that the 
overall glass temperature drop decreases from the top of the glass to the bottom (i.e. 
when y-coordinate decreases). It is also noteworthy to mention that the glass 
temperature prior to the release of the water film decreases across its section (i.e. when 
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x-coordinate increases), thus the temperature drop after releasing water film is larger 
at a point near the exposed surface of glass than a farther point with the same y-
coordinate.    
4.2.  Empirical equations  
Based on the observed trends between temperature variation in the glass and 
different fire and water film parameters, our SPH model was employed to derive new 
empirical equations that can be used by fire scientists, engineers and researchers to 
predict glass temperature distribution during a fire outbreak subject to different fire and 
water film scenarios.  
Glass temperature variation with time after applying water film is divided into three 
main stages. The first stage starts when the temperature of the glass drops sharply 
following the release of the water film until temperature decrement becomes negligible. 
In the second stage, the temperature balance between glass and water film occurs after 
the rapid cooling, accordingly, the change in temperature in this stage is minimal. The 
third stage takes place when heat flux decreases (fire decaying), glass temperature 
decreases again until it eventually reaches its initial temperature (before heating). 
The most important stage is the first one since the thermal stresses are highest here 
due to high temperature differences. Therefore, the mathematical equation of the main 
cooling curve is carefully examined and evaluated whilst taking into consideration 
several other parameters. The down-flowing velocity of water film (V), glass pane 
geometry (i.e. x and y coordinates), the thickness of water film, heat flux (MHF) and 
release time of water film are the independent variables in our mathematical derivation. 
The temperature drop curve is fitted with a fourth-degree polynomial equation in order 
to obtain the best possible accuracy as follows: 
 𝑇(𝑡) = 𝑎 𝑡4 + 𝑏 𝑡3 + 𝑐 𝑡2 + 𝑑 𝑡 + 𝑒                                                                               (8) 
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To solve for the coefficients - a, b, c, d, and e, we defined and substituted five (5) time 
steps and their corresponding temperature values into Eq. (8), the solution is presented 
in matrix form as follows: 

















































                                                            (9) 
where 𝑡1 is the time when water film is released and 𝑡5 is the time when the temperature 
of the glass no longer decreases significantly. The elapsed time between 𝑡5 and 𝑡1 is the 
duration of the main cooling stage, this time difference (𝑡5 − 𝑡1) is divided into four 
additional time steps: 𝑡2 = 0.15(𝑡5 − 𝑡1) + 𝑡1 , 𝑡3 = 1/3(𝑡5 − 𝑡1) + 𝑡1 and 𝑡4 =
2/3(𝑡5 − 𝑡1) + 𝑡1. 𝑇1 , 𝑇2 , 𝑇3 , 𝑇4 and  𝑇5 are the temperature values corresponding to 
these t time steps as shown in Fig. 8. Our SPH model was then employed to determine 
how these time steps and temperature values are related to different fire and water film 
parameters. 
Fig. 8 illustrates the general methodology used to derive the empirical equations. 
On one hand the dependent variable (y) represents the temperature values 𝑇1 , 𝑇2 , 𝑇3 
, 𝑇4, 𝑇5 and cooling time (𝑡5 − 𝑡1). On the other hand, the independent variables (fire 
and water film parameters) are down-flowing velocity (V), x-coordinate (location 
through glass thickness) and maximum heat flux (MHF). Since the dependent variable 
(y) is evaluated with multiple parameters, our technique in formulating the 
mathematical relations is to first link only one main parameter to the dependent variable 
(y). Following this, the other parameters are linked to the main parameter, which in 
turn, relates the other parameters to the dependent variable (y) as a chain as shown in 
Fig. 8, where level number reflects the number of stages needed to formulate the final 
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shape of empirical equation. For instance, 𝑇2 , 𝑇3 , 𝑇4 and  𝑇5 variables are linked firstly 
with down-flowing velocity (V) (main parameter) at each maximum heat flux value 
(MHF), the relation is found to be polynomial to the third power when plotting these 
values obtained from the verified SPH model. Then the coefficients of this polynomial 
equation (a3, b3, c3 and d3) are related to the maximum heat flux value (MHF), the 
relation is found to be linear. Finally, the linear coefficients (a1 and b1) from the 
previous relation are related to the y-coordinate. It is noteworthy to mention that further 
derivation details are not presented here in order to concentrate more on the empirical 
equation’s applications. 
 
4.2.1. Temperature T1  
The glass temperature (T1) prior to the release of the water film depends on the amount 
of heat flux received by glass particles, thus the water film release time and heat flux 
intensity (MHF) determine T1 value. When the release time is delayed or MHF 
increases, T1 increases, and vice versa. Moreover, the value of T1 decreases when the 
point location moves toward the ambient surface of glass, when x-coordinate (through 
glass thickness) increases, as demonstrated in Section 4.1. The two parameters, x-
coordinate and MHF, are related to the dependent variable T1 using the general formula 
given in Fig. 8. By tracking T1 with different x-coordinate and MHF values in several 
SPH simulations, we observed that this relationship is approximately linear which can 
be expressed as follows (Eq. (10)): 
𝑇1 = (−150 𝑥 + 2.6) 𝑀𝐻𝐹 + 24                                                                                     (10) 
where T1 is the temperature at any point in the glass before applying water film in °C, 




4.2.2. Cooling time period (𝑡5 − 𝑡1) 
As depicted in Fig. 8, the cooling time period (𝑡5 − 𝑡1) depends on x-coordinate and 
down-flowing velocity (V). The glass temperature drops more steeply, and the cooling 
process takes less time at exposed surfaces than the far one. On the other hand, when 
down-flowing velocity (V) increases, the temperature drop increases and thus 
increasing the time needed to reach that lower temperature. Since the cooling time 
period depends on two parameters, the first one (down-flowing velocity) is related to 
the cooling time variable while the x-coordinate is linked to the down-flowing velocity 
(V) as shown in Fig. 8. Mathematically, the cooling time period is expressed for each 
water film thickness as follows:    
(𝑡5 − 𝑡1)|(𝑊𝐹𝑇=0.5×10−3 m) = (638125 𝑥
2 + 1491𝑥 + 16.68)𝑉 + (-888375𝑥2+
12930𝑥 + 1.41)                                                                                                                    (11)      
(𝑡5 − 𝑡1)|(𝑊𝐹𝑇=0.7×10−3 m) = (718000 𝑥
2  −  458.5 𝑥 +  21.32)𝑉 +
(−810125 𝑥2  +  13631𝑥 −  0.21)                                                                               (12)    
(𝑡5 − 𝑡1)|(𝑊𝐹𝑇=0.8×10−3 m) = (362250 𝑥
2  +  300 𝑥 +  20.05)𝑉 + (−581375 𝑥2  +
 13375 𝑥 +  0.56)                                                                                                               (13)    
where x is the x-coordinate in meters and V is the down-flowing velocity of water film 
in m/s. Finally, if water film thickness increases, cooling time period (𝑡5 − 𝑡1) increases 
because heat transfer through a higher number of water film layers requires more time.  
 
4.2.3 Temperature values T2, T3, T4, and T5 
Temperature values T2, T3, T4, and T5 are related to down-flowing velocity (V), 
maximum heat flux (MHF) and y-coordinate as shown in Fig. 8. The values of 
temperature, T2, T3, T4, and T5 decrease when down-flowing velocity or y-coordinate 
increase, however, they increase with an increase in maximum heat flux (MHF). The 
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equations that connect the temperature values T2, T3, T4, and T5 to the relevant 
parameters are presented below for 0.5 ×10-3 m water film thickness: 
𝑇2|(𝑊𝐹𝑇=0.5×10−3 m)  = [( −3.7𝑦 − 2.34)𝑀𝐻𝐹 + ( 262.45𝑦
2  −  89.22𝑦 +
 10.21)] 𝑉3 + [( 2.12𝑦 +  7.17)𝑀𝐻𝐹 + (−352.26𝑦2  +  103.24𝑦 −  15.67)]𝑉2  +
 [( 4.61𝑦 −  7.44)𝑀𝐻𝐹 + ( 136.65𝑦2  −  34.92𝑦 +  11.1)]𝑉 + [(−4.1𝑦 +
 4.21)𝑀𝐻𝐹 + ( −15.05𝑦2  +  7.03𝑦 +  22.085)]                                                       (14)  
𝑇3|(𝑊𝐹𝑇=0.5×10−3 m)  = [( −1.4𝑦 −  4.42)𝑀𝐻𝐹 + (192.72𝑦
2  −  37.26𝑦 +
 0.93)]𝑉3 + [( −5.11𝑦 +  12.97)𝑀𝐻𝐹  + (−194.5𝑦2 −  7.22𝑦 +  2.76)]𝑉2 +
 [( 12.5𝑦 − 13.2)𝑀𝐻𝐹 + ( 33.1𝑦2  +  34.42𝑦 +  0.59)]𝑉 + [( −7.65𝑦 +
 5.74)𝑀𝐻𝐹 + ( 4.15𝑦2 −  5.22𝑦 +  24.15)]                                                                (15)  
 
𝑇4|(𝑊𝐹𝑇=0.5×10−3 m) = [( 8.14𝑦 −  6.74)𝑀𝐻𝐹 + ( −51.4𝑦
2  +  55.39𝑦 −
 9.94)]𝑉3 + [(  −23.89𝑦 +  18.06)𝑀𝐻𝐹 + (157.77𝑦2 − 135.11𝑦 + 21.62)]𝑉2  +
 [( 24.81𝑦 − 17.19)𝑀𝐻𝐹 + ( −122.41𝑦2 + 92.91𝑦 −  13.17)]𝑉 +
[ (( −10.63𝑦 +  6.63)𝑀𝐻𝐹 + ( 26𝑦2  −  17.68𝑌 +  27.61))]                               (16)  
 
𝑇5|(𝑊𝐹𝑇=0.5×10−3 m)  = [(8.87𝑦 − 7.77)𝑀𝐻𝐹 + (17.86𝑦
2 +  22.17𝑦 −  4.75)]𝑉3 +
 [(−25.72𝑦 + 20.22)𝑀𝐻𝐹 + (38.15𝑦2 −  80.69𝑦 + 13.5)]𝑉2 + [(26.51𝑦 −
18.72)𝑀𝐻𝐹 + (−64𝑦2  +  69.43𝑦  −  9.96)]𝑉 + [( −11.27𝑦 + 6.96)𝑀𝐻𝐹 +
( 19.35𝑦2  −  15.915𝑦  +  27.28)]                                                                                  (17)  
 
where WFT is the water film thickness. Furthermore, the following equations are 
derived to obtain the values for T2, T3, T4, and T5 temperature variations with V, MHF 
and y-coordinate at 0.7×10-3 m and 0.8×10-3 m water film thicknesses: 
𝑇2|(𝑊𝐹𝑇=0.7×10−3 m) = [(−2.49𝑦 − 2.55)𝑀𝐻𝐹 + (875.98𝑦
2 − 462.48𝑦 +
 59.31)]𝑉3 + [(−0.76𝑦 +  7.77)𝑀𝐻𝐹 + (−1647.2𝑦2 +  899.31𝑦 −
 123.37)]𝑉2 + [( 6.75𝑦 −  7.87)𝑀𝐻𝐹 + ( 989.38𝑦2 − 563.32𝑦 + 83.94)]𝑉 +




𝑇2|(𝑊𝐹𝑇=0.8×10−3 m) = [( 0.59𝑦 −  3.31)𝑀𝐻𝐹 + (854.22𝑦
2  −  429.52𝑦 +
 48.08)]𝑉3  +  [(−7.68𝑦 +  9.48)𝑀𝐻𝐹 + (−1766.7𝑦2  +  937.84𝑦 −
 116.68)]𝑉2  +  [( 11.55𝑦 −  8.97)𝑀𝐻𝐹 + ( 1166𝑦2  −  651.83𝑦 +  89.07)]𝑉 +
[(−5.39𝑦 +  4.34)𝑀𝐻𝐹 + (−246.4𝑦2  +  146.68𝑦 +  4.236)]                          (19)      
 
𝑇3|(𝑊𝐹𝑇=0.7×10−3 m) = [(0.0045𝑦 −  4.66)𝑀𝐻𝐹 + (911.51𝑦
2  −  466.93𝑦 +
 55.37)]𝑉3  +  [( −8.82𝑦 +  13.78)𝑀𝐻𝐹 + (−1709𝑦2  +  909.18𝑦 −
 117.26)]𝑉2  +  [( 15.49𝑦 −  13.84)𝑀𝐻𝐹 + ( 1030.2𝑦2  −  574.27𝑦 +
 82.08)]𝑉 + [(−8.23𝑦 +  5.75)𝑀𝐻𝐹 + (−203.4𝑦2  +  122.14𝑦 +  6.98)]   (20)  
 
𝑇3|(𝑊𝐹𝑇=0.8×10−3 m) = [( 3.85𝑦 −  5.52)𝑀𝐻𝐹 + (1101.1𝑦
2   −  560.13𝑦 +
 59.77)]𝑉3  +  [(−17.49𝑦 +  15.73)𝑀𝐻𝐹 + (−2301.3𝑦2  +  1231.4𝑦 −
146.58)]𝑉2  +  [( 21.47𝑦 −  15.05)𝑀𝐻𝐹 + ( 1536.2𝑦2  −  860.87𝑦 +
 112.8)]𝑉 + [(−9.24𝑦 +  5.8)𝑀𝐻𝐹 + (−327.4𝑦2 +  193.47𝑦 −  1.069)]   (21)  
 
𝑇4|(𝑊𝐹𝑇=0.7×10−3 m) = [(9.34𝑦 −  7.08)𝑀𝐻𝐹 + (366.36𝑦
2  −  200.35𝑦 +
 24.71)]𝑉3 + [(−27.14𝑦 +  18.98)𝑀𝐻𝐹 + (−733.56𝑦2  +  414.93𝑦 −
 54.32)]𝑉2 + [( 27.55𝑦 −  17.88)𝑀𝐻𝐹 + ( 473.82𝑦2  −  277.16𝑦 +  38.59)]𝑉 +
 [(−11.14𝑦 +  6.62)𝑀𝐻𝐹 + (−99.75𝑦2  +  60.7𝑦 +  16.56) ]                            (22)  
 
𝑇4|(𝑊𝐹𝑇=0.8×10−3 m) = [( 11.39𝑦 −  7.47)𝑀𝐻𝐹 + (564.92𝑦
2  −  307.73𝑦 +
 34.8)]𝑉3  + [(−31.79𝑦 +  19.79)𝑀𝐻𝐹 + (−1214.4𝑦2  +  681.72𝑦 −
 82.12)]𝑉2 + [( 30.68𝑦 −  18.23)𝑀𝐻𝐹 + ( 830.41𝑦2  −  478.1𝑦 +  60.8)]𝑉 +
[( −11.47𝑦 +  6.44)𝑀𝐻𝐹 + (−180.25𝑦2  +  106.42𝑦 +  11.36)]                    (23)  
 
𝑇5|(𝑊𝐹𝑇=0.7×10−3 m) = [(10.76𝑦  −  8.38)𝑀𝐻𝐹 + (332.38𝑦
2   −  174.51𝑦  +
 22.8)]𝑉^3 + [( −30.13𝑦 +  21.61)𝑀𝐻𝐹 + (−634.75𝑦2 +  343.3𝑦 −
 47.05)]𝑉^2 + [( 29.86𝑦 −  19.65)𝑀𝐻𝐹 + ( 385.13𝑦2 − 215.33𝑦 +  31.29)]𝑉 +
[( −11.88𝑦 +  6.986)𝑀𝐻𝐹 + ( −76.1𝑦2 +  44.85𝑦 +  18.41)]                        (24)       
 
𝑇5|(𝑊𝐹𝑇=0.8×10−3 m) = [( 13.04𝑦 −  8.87)𝑀𝐻𝐹 + (389.86𝑦
2 −  201.62𝑦 +
 23.58)]𝑉3 + [(−35.09𝑦 +  22.57)𝑀𝐻𝐹 + (−820.35𝑦2  +  441.75𝑦 −
15 
 
 55.17)]𝑉2 + [( 33.09𝑦 −  20.04)𝑀𝐻𝐹 + ( 549.7𝑦2  −  306.92𝑦 +  40.68)]𝑉 +
[( −12.19𝑦 +  6.797)𝑀𝐻𝐹 + (−117.2𝑦2  +  68.18𝑦 +  15.85)]                     (25)      
The contour plots of T1, T5 and (𝑡5 − 𝑡1) for water film thickness equals 0.5×10
3 m, 
as presented in Fig. 9, give detailed visual descriptions of these empirical equations. 
The variation of dependent variables T1, T5 and (𝑡5 − 𝑡1) with V, MHF, x and y 
coordinates parameters are illustrated in Fig. 9. The accuracy of the derived empirical 
equations is verified by comparing their predictions with those obtained from our SPH 
model. MATLAB is used to generate heat maps of temperature as shown in Fig. 10 and 
Fig. 11 for the glass using our empirical equations and SPH model, respectively, with 
three different combinations of the down-flowing velocity of water film (V), maximum 
heat flux (MHF) and water film thickness (WFT). Temperature variation with time is 
also compared between our SPH model and the empirical equations at P3, P13 and P18 
points for different three combinations of our analysis parameters as shown in Figs. 12 
to 15. Both results are well aligned indicating the adequacy of the derived empirical 
equations.  
5. Case studies and applications 
5.1. Optimization of the water film system   
Both the down-flowing velocity and thickness of water film determine the volume 
flow rate of water used in glass cooling. Our empirical equations are utilized to compare 
the efficiency between increasing down-flowing velocity and thickness of water film at 
a specific volume flow rate. Two cases were studied, the first case involves an increase 
in water film thickness from 0.5×10-3 m to 0.8×10-3 m while the second case involves 
an increment of the down-flowing velocity of water film from 0.3 m/s to 1 m/s. We 
observed that the water volume flow rate increased by 60 % in the first case and 233 % 
in the second case. The value of temperature T5 was also calculated as MHF varies from 
16 
 
9 kW.m-2 to 21 kW.m-2 using Eqs. (17), (24) and (25) at different y-coordinate values 
as detailed in Table 2. The percentage of water volume flow rate increment for each 1 
ºC decrement in glass temperature (T5) is lower in the second case (which involves 
increased down-flowing velocity) for all values of MHF and y-coordinate. Accordingly, 
it is concluded that increasing the down-flowing velocity of water film is more efficient 
in glass cooling than increasing water film thickness. 
5.2.  Evaporation   
The variation of the maximum temperature of water film with maximum heat flux 
(MHF), water film velocity (V) and y-coordinate is investigated in this section. It is 
clear that water film temperature increases with time during fire until it reaches a 
maximum value almost at the same time that the maximum heat flux reaches its 
maximum value. The main objective of this section is to determine water evaporation 
conditions and how it can be minimized in order to increase the overall efficiency of 
the water film system. Mathematical derivations were carried-out at the second layer of 
the water film adjacent to glass (x = –0.1×10-3 m, y = 0 m) as shown in Fig. 16. Water 
film temperature values at different cases of water velocity (V), MHF and y-coordinate 
are obtained using our SPH model. The maximum water film temperature (MTW) 
decreases when down-flowing velocity increases and heat flux decreases, also the water 
film temperature increases as it flows down from the top of the glass (y = 0.6 m) to the 
bottom (y = 0.00 m). The following equations were used to calculate the maximum 
water film temperature (MTW) at water film thicknesses of 0.5×10-3 m, 0.7×10-3 m and 
0.8×10-3 m: 
𝑀𝑇𝑊|(𝑊𝐹𝑇=0.5×10−3 m) = (−14.15 𝑀𝐻𝐹 𝑦 +  8.41 𝑀𝐻𝐹 )𝑉
2 + (25.75 𝑀𝐻𝐹 𝑦 +
 −15.06 𝑀𝐻𝐹 )𝑉 + (−13.74 𝑀𝐻𝐹 𝑦 +  7.79 𝑀𝐻𝐹 +  24.86)                          (26)    
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𝑀𝑇𝑊|(𝑊𝐹𝑇=0.7×10−3 m) = (−16.19 𝑀𝐻𝐹 𝑦 +  8.94 𝑀𝐻𝐹)𝑉
2 + (27.74 𝑀𝐻𝐹 𝑦 −
15.19 𝑀𝐻𝐹)𝑉 + (−13.61 𝑀𝐻𝐹 𝑦 +  7.32 𝑀𝐻𝐹 +  24.86)                                 (27)   
𝑀𝑇𝑊|(𝑊𝐹𝑇=0.8×10−3 m) = (−15.55 𝑀𝐻𝐹 𝑦 +  8.1 𝑀𝐻𝐹)𝑉
2 + (25.85 𝑀𝐻𝐹𝑦 −
13.41 𝑀𝐻𝐹 )𝑉 + (−11.89 𝑀𝐻𝐹 𝑦 +  6.12 𝑀𝐻𝐹 +  24.85)                                (28)  
The minimum velocity of water film required to prevent evaporation was calculated 
when y-coordinate equals zero (at the bottom of the glass) and MTW equals 100 °C 
(water evaporation temperature) as shown below: 





                                         (29)   
𝑉𝑚𝑖𝑛 |(𝑊𝐹𝑇=0.7×10−3 m) =




                                           (30)  
 
𝑉𝑚𝑖𝑛 |(𝑊𝐹𝑇=0.8×10−3 m ) =




                                        (31)   
 
where Vmin is the minimum down-flowing velocity of water film to prevent evaporation 
in m/s. The variation of Vmin with maximum heat flux (MHF) at different water film 
thicknesses (WFT = 0.5×10-3 m, WFT = 0.7×10-3 m and WFT = 0.8×10-3 m) is shown in 
Fig. 17, it is clear that the velocity of water film has to be increased to prevent 
evaporation when MHF increases and vice versa. However, when water film thickness 





In this paper, the SPH method is employed to simulate the cooling process of glass 
by water film based on the discretization of the heat energy equation. The 
computational framework of the temperature distribution during fire in both glass and 
water film was established based on the validated SPH model. Empirical equations were 
derived to relate temperature variations with heat flux, down-flowing velocity and 
thickness of water film. Before applying the water film, the temperature across the glass 
section decreases linearly at any given time. It was observed that when water film is 
applied, the temperature of glass particles near water film drops sharply with time. 
However, glass particles located farther away from the water film require more time to 
cool down. 
The newly derived empirical equations were employed to examine the optimum 
configuration for the water film glass protection system and to prevent evaporation of 
the down-flowing water film, thus enhancing its overall efficiency. In order to ensure 
that a lower amount of water is used to protect the glass, it is recommended that the 
down-flowing velocity of water film should be increased rather than its thickness. The 
water film temperature plays a key role in our study because it directly affects the 
temperature distribution of glass. To prevent the evaporation of water film, the down-
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Fig. 1. Problem description diagrams: (a) Geometry description and parameters; (b) 




Fig. 2. SPH methodology description of glass cooling by down-flowing water film.  
 
Fig. 3. Temperature variation with time using SPH model, Ansys-Fluent and 




Fig. 4. Temperature variation with time after applying water film using our SPH model, 
Ansys-CFX and Autodesk-CFD: (a) At point P3; (b) At Point P18; (c) At Point P28; 




Fig. 5. Temperature variation with time after applying 0.5×10-3 m water film thickness 
(WFT = 0.5×10-3 m) using our SPH model at P8, P17, P19 and P28 points: (a) At V = 
0.4 m/s and MHF = 9 kW.m-2; (b) At V = 0.8 m/s and MHF = 9 kW.m-2; (c) At V = 0.4 




Fig. 6. Temperature variation with time after applying 0.7×10-3 m water film thickness 
(WFT = 0.7×10-3 m) using our SPH model at P8, P17, P19 and P28 points: (a) At V = 
0.4 m/s and MHF = 9 kW.m-2; (b) At V = 0.8 m/s and MHF = 9 kW.m-2; (c) At V = 0.4 




Fig. 7. Temperature variation with time after applying 0.8×10-3 m water film thickness 
(WFT = 0.8×10-3 m) using our SPH model at P8, P17, P19 and P28 points: (a) At V = 
0.4 m/s and MHF = 9 kW.m-2; (b) At V = 0.8 m/s and MHF = 9 kW.m-2; (c) At V = 0.4 




Fig. 8. Illustrative diagram for empirical equations derivations showing the relationship 







Fig. 9. Contour plot diagrams showing the relationship between T1, T5 and (t5 - t1) with 
various parameters (MHF, V, x-coordinate and y-coordinate) at water film thickness 




Fig. 10. Heat map of temperature (°C) in glass at t = 9 seconds from water flow using 
empirical equations: (a) At V = 0.55 m/s, MHF = 12 kW.m-2 and WFT = 0.5×10-3 m; (b) 
At V = 0.75 m/s, MHF = 25 kW.m-2 and WFT  = 0.5×10-3 m; (c) At V = 0.6 m/s, MHF 
= 16 kW.m-2  and WFT = 0.7×10-3 m; (d) At V = 0.7 m/s, MHF = 23 kW.m-2  and WFT 




Fig. 11. Heat map of temperature (°C) in glass at t = 9 seconds from water flow using 
our SPH model: (a) At V = 0.55 m/s, MHF = 12 kW.m-2 and WFT = 0.5×10-3 m; (b) At 
V = 0.75 m/s, MHF = 25 kW.m-2 and WFT  = 0.5×10-3 m; (c) At V = 0.6 m/s, MHF = 16 






Fig. 12. Temperature variation with time obtained using our numerical model (SPH) 
and empirical equations at V = 0.55 m/s, MHF = 12 kW.m-2 and WFT = 0.5×10-3 m: (a) 




Fig. 13. Temperature variation with time obtained using our numerical model (SPH) 
and empirical equations at V = 0.75 m/s, MHF = 25 kW.m-2 and WFT = 0.5×10-3 m: (a) 





Fig. 14. Temperature variation with time obtained using our numerical model (SPH) 
and empirical equations at V = 0.60 m/s, MHF = 16 kW.m-2 and WFT = 0.7×10-3 m: (a) 




Fig. 15. Temperature variation with time obtained using our numerical model (SPH) 
and empirical equations at V = 0.70 m/s, MHF = 23 kW.m-2 and WFT = 0.8×10-3 m: (a) 




Fig. 16. Illustrative diagram shows the process and location of water evaporation 
calculation when WFT = 0.5×10-3 m, WFT = 0.7×10-3 m and WFT = 0.8×10-3 m. 
 
Fig. 17. Variation of minimum velocity of water film (Vmin)to prevent evaporation with 




Table 1. The physical properties of glass and water. 











 Thermal conductivity KG 0.94 W/m.k 
 Specific heat capacity CpG 820 J/kg.k 
 Thermal diffusivity αG 4.6×10
-7 m2/s 
 linear thermal expansion 
 
β 9×10-6 ºC-1 
     
Water  Density ρW 998 kg/m
3 
 Thermal conductivity KW 0.6 W/m.k 
 Specific heat capacity CpW 4182 J/kg.K 
 Thermal diffusivity αW 1.43×10
−7 m2/s 
 

























Table 2. Temperature T5 decrement in glass due to increased velocity and thickness of 









% Increase of 
water volume 
flow rate per 1 
°C decrement 
 







film thickness from  12.00 2.81 21.35 
  15.00 3.53 17.00 
  18.00 4.25 14.12 






 0.30 9.00 1.64 36.59 
  12.00 2.19 27.40 
  15.00 2.74 21.90 
  18.00 3.29 18.24 






 0.40 9.00 1.12 53.57 
  12.00 1.51 39.74 
  15.00 1.89 31.75 
  18.00 2.28 26.32 





      
Increment of down-
flowing velocity 
from 0.3 m/s to 1 
m/s (233 % 
increase in volume 
flow rate) 
 
0.20 9.00 12.82 18.17 
 12.00 17.18 13.56 
 15.00 21.54 10.82 







 0.30 9.00 9.31 25.03 
  12.00 12.48 18.67 
  15.00 15.66 14.88 
  18.00 18.83 12.37 






 0.40 9.00 5.48 42.52 
  12.00 7.47 31.19 
  15.00 9.46 24.63 
  18.00 9.46 24.63 
    21.00 
 
13.44 
 
17.34 
 
 
